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Abstract. In this paper, we report the ﬁrst systematic com-
parison of 12-year modeled dust extinction proﬁles vs.
Raman lidar measurements. We use the BSC-DREAM8b
model, one of the most widely used dust regional models
in the Mediterranean, and Potenza EARLINET lidar pro-
ﬁles for Saharan dust cases, the largest one-site database of
dust extinction proﬁles. A total of 310 dust cases were com-
pared for the May 2000–July 2012 period. The model re-
constructs the measured layers well: proﬁles are correlated
within 5% of signiﬁcance for 60% of the cases and the dust
layer center of mass as measured by lidar and modeled by
BSC-DREAM8b differ on average 0.3±1.0km. Events with
a dust optical depth lower than 0.1 account for 70% of uncor-
related proﬁles. Although there is good agreement in terms
of proﬁle shape and the order of magnitude of extinction val-
ues, the model overestimates the occurrence of dust layer top
above 10km. Comparison with extinction proﬁles measured
by the Raman lidar shows that BSC-DREAM8b typically
underestimates the dust extinction coefﬁcient, in particular
below 3km. Lowest model–observation differences (below
17%) correspond to a lidar ratio at 532nm and Ångström
exponent at 355/532nm of 60±13 and 0.1±0.6sr, respec-
tively. These are in agreement with values typically observed
and modeled for pure desert dust. However, the highest dif-
ferences (higher than 85%) are typically related to greater
Ångström values (0.5±0.6), denoting smaller particles. All
these aspects indicate that the level of agreement decreases
with an increase in mixing/modiﬁcation processes.
1 Introduction
Desert dust is a major component of atmospheric aerosol.
Mineral dust particles are originated by wind erosion of
the land surface in arid and semiarid regions and can then
travel over long distances. Dust particles play an important
role in the Earth system, with impacts on climate, meteo-
rology, ecosystems and human health (WMO report, 2011).
Dust particles interact directly with the solar incoming and
terrestrial outgoing radiation by absorption and scattering
(Boucher et al., 2013). A large uncertainty is related to the
dust–cloud interactions and resulting effects on the radia-
tion budget (Boucher et al., 2013). Mineral dust also affects
ecosystems. Lower acidity in the ocean has been observed in
areas affected by the deposition of dust particles (Johnson,
2014). Saharan dust in particular is found to enhance oceanic
primary productivity (Gallisai et al., 2012) and to act as a fer-
tilizer for the Amazon rainforest (Lovett, 2010). Finally, due
to the many connections with the Earth’s systems, mineral
dust can also impact the carbon cycle and the atmospheric
CO2 (Jickells et al., 2005; Hamza et al., 2011).
Dust particles also affect human health and air quality.
Cases of eye infections and diseases such as meningitis and
valley fever have been recorded during and after strong dust
events in some regions (Grifﬁn, 2007; WHO, 2003; Pérez et
al., 2014). Epidemiological studies have identiﬁed a link be-
tween pollution of airborne particles over Europe and health
hazards such as respiratory and cardiovascular diseases (e.g
Kwon et al., 2002; Pérez et al., 2009; De Longueville et
al., 2013). Poor air quality due to desert dust intrusions is
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observed and documented by many studies (e.g., Querol et
al., 2009). Several other economic and social sectors can be
affected by the presence of desert dust, including air trans-
port, solar power generation activities, agriculture and the
ﬁshing industry.
The vertical distribution of aerosol is of particular im-
portance because it is a combined signature of atmospheric
transport patterns, residence time in the atmosphere, and the
efﬁciency of the vertical exchange. Lidar observations have
been widely used for investigating atmospheric desert dust
(see Mona et al. ,2012a, for a review). The intrusion of desert
dust into theplanetary boundary layer (PBL)and mixing pro-
cesses of dust with other aerosol types can be investigated in
detail using the vertical proﬁling capability of lidars (e.g.,
Muller et al., 2003; Hara et al., 2009; Mona et al., 2012b).
Long-range transport of dust can be monitored and tracked
by ground-based lidar networks or spaceborne lidars (e.g.,
Ansmann et al., 2003; Papayannis et al., 2008; Liu et al.,
2008; Schuster et al., 2012). Lidar measurements in combi-
nation with other techniques are ideal for investigating cer-
tain aspects of atmospheric composition, transport and depo-
sition of aerosol (e.g., Ferrare et al., 1998, 2001).
To date, there have been few examples of comparison be-
tween ground-based lidar and modeled proﬁles (e.g., Fer-
rare et al., 2006). Raw signals from the spaceborne CALIOP
(Cloud-Aerosol Lidar with Orthogonal Polarization) lidar
(Winker et al., 2009) were used for evaluating the results
from a global chemical and transport model (GEOS-Chem)
(Generoso et al., 2008; Ford and Heald, 2012). Kofﬁ et
al. (2012) evaluated the capability of 12 models to reproduce
the vertical distribution of aerosols observed at the global
scale by CALIOP. However, CALIOP extinction retrieval re-
quires the inference of a priori extinction-to-backscatter ra-
tio; therefore the comparison is affected by uncertainties.
Amiridis et al. (2013) highlighted that these uncertainties
were enhanced during dust outbreaks. Based mainly on Ra-
man lidars, EARLINET (European Aerosol Research Lidar
Network) (Bosenberg et al., 2003; Pappalardo et al., 2014)
represents a reference point for more common backscat-
ter lidars (and ceilometers) and for the ﬁrst satellite-borne
lidar, CALIOP. The Raman lidar technique allows for di-
rect measurement of the aerosol extinction proﬁle and in-
dependent measurement of the aerosol backscatter proﬁle.
The ratio of these two quantities, namely the lidar ratio (S),
is a quantity that (i) does not depend on the amount of
aerosol; (ii) depends on intensive aerosol properties such as
dimension, chemical composition and refractive index; and
(iii) is needed for assumptions necessary for aerosol op-
tical properties retrieval in the case of elastic backscatter
lidar measurements.
Speciﬁc EARLINET-coordinated observations are ad-
dressed to monitor Saharan dust outbreaks. Dust alerts based
on operational dust forecasting of different regional models
such as SKIRON (Kallos et al., 2006) and BSC-DREAM8b
(Pérez et al., 2006a, b; Basart et al., 2012a) are distributed to
all EARLINET network stations. The alerts are important for
triggering the lidar measurements and collecting a large data
set of dust observations.
This paper reports, for the ﬁrst time, a systematic compari-
son between lidar and modeled dust proﬁles in terms of geo-
metrical features and optical properties. For this systematic
comparison with modeled dust extinction proﬁle, Potenza
EARLINET station has been selected because it presently
has the longest-running and widest-ranging database of Sa-
haran dust aerosol optical properties proﬁles (from 2000 to
present). The BSC-DREAM8b dust regional model (Nick-
ovic et al., 2001; Pérez et al., 2006a, b; Basart et al., 2012a)
is used for this study. BSC-DREAM8b is operated at the
BarcelonaSupercomputerCenter–CentroNacionaldeSuper-
computación (BSC-CNS, www.bsc.es) and is one of the most
widely used models for dust investigation over Europe (e.g.,
Papayannis et al., 2008; Amiridis et al., 2009; Basart et al.,
2012b; Amiridis et al., 2013; Gobbi et al., 2013).
Data used for this ﬁrst comparison are introduced in
Sect. 2. Section 3 describes the methodology developed for
the lidar vs. BSC-DREAM8b dust extinction proﬁles com-
parison in terms of layering and optical properties. Results
of the systematic comparison are reported in Sect. 4. Finally,
conclusions are reported in Sect. 5.
2 Data used
2.1 Potenza EARLINET lidar data
For this study, proﬁles of aerosol optical properties, as
measured at CNR-IMAA Atmospheric Observatory (CIAO),
Potenza, southern Italy (40◦360 N, 15◦440 E; 760ma.s.l.), are
considered. Potenza station is particularly interesting for the
investigation of Saharan dust because it has collected the
greatest amount of observations on Saharan dust particles
among the EARLINET sites. This is due to the fact that
Potenza has been participating in the network since its begin-
ning (in 2000), and the station is located in the central region
of the Mediterranean Basin, one of the areas most affected
by Saharan dust plumes within the network (Papayannis et
al., 2008). In addition Potenza is an EARLINET core station,
due to it being equipped with a multi-wavelength Raman li-
dar system (Mona et al., 2009).
For the aims of this study, we considered 12 years (from
May 2000 to July 2012) of Potenza vertical proﬁles labeled
as desert dust cases within the EARLINET database as of
June 2013 (the EARLINET publishing group, 2014). Dur-
ing this period, the Potenza EARLINET lidar (PEARL) fol-
lowed some upgrades from a single-wavelength Raman sys-
tem in 2000 to a multi-wavelength Raman system. This ad-
vanced system is able to measure three backscatter (355, 532
and 1064nm) and two extinction (355 and 532nm) proﬁles,
as well as the particle linear depolarization ratio at 532nm
(Mona et al., 2009; Madonna et al., 2011). Simultaneous
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Table 1. Type and number (N) of optical properties proﬁles labeled
as dust cases in the EARLINET database for the Potenza station.
Aerosol backscatter at 1064nm and aerosol extinction at 532nm
are available beginning in May 2006 after a major upgrade of the
PEARL instrument.
Parameter N
Aerosol backscatter at 355nm 352
Aerosol backscatter at 532nm 248
Aerosol backscatter at 1064nm 276
Aerosol extinction at 355nm 158
Aerosol extinction at 532nm 58
measurements of these optical properties are particularly
important for aerosol typing (Mona et al., 2012b) and for
aerosol microphysical properties retrievals (e.g., Böckmann
et al., 2005; Müller, et al., 2004; Osterloh et al., 2009;
Veselovskii et al., 2012; Wagner et al., 2013).
Only proﬁles affected by desert dust particles are consid-
ered for evaluating the capability of the BSC-DREAM8b
model to reproduce the desert dust particles arriving over
Potenza.
The identiﬁcation of dust-affected cases is performed fol-
lowing the same approach as reported in Mona et al. (2006):
(i)identifyinglayersinthefreetroposphere,(ii)checkingpo-
tential desert origin by back-trajectory analysis and (iii) con-
ﬁrming the presence of dust outbreaks with satellite im-
ages/data. In addition to the above-mentioned method, the
origin of the observed aerosol layers is also investigated us-
ing FLEXPART 10-day back-trajectory analysis (Stohl et al.,
1998; Stohl and Thomson, 1999) because of their ﬂexibility
inarrivaltimeandaltitudedeﬁnition.Indoubtfulsituations,a
multi-backward-trajectory approach and knowledge on dust-
intensive optical properties gained within EARLINET, and
especially for the Potenza site (Papayannis et al., 2008; Mona
et al., 2006), are used for the identiﬁcation of dust case.
This advanced approach conﬁrms the dust origin of the
aerosol layers analyzed in Mona et al. (2006) in 93%
of the cases. A different or unclear dust origin is found
for cases with an integrated backscatter at 532nm around
0.00023sr−1, which is about 1/10 of the observed mean val-
ues for the desert dust cases over Potenza reported by Mona
et al. (2006).
A total number of 310 dust cases were selected for the
analysis reported in the following. All optical properties pro-
ﬁles (see Table 1) were used for the model evaluation in
terms of the dust layer geometrical properties discussed in
Sect. 4.1. Moreover, aerosol extinction and backscatter co-
efﬁcient proﬁles at 532nm and aerosol extinction proﬁles
at 355nm were considered for a quantitative evaluation of
BSC-DREAM8b extinction proﬁles (Sect. 4.2).
2.2 The BSC-DREAM8b model
We used modeled extinction proﬁles from the BSC-
DREAM8b model operated at BSC-CNS. BSC-DREAM8b
provides operational forecasts since May 2009, and is
also participating in the northern Africa–Middle East–
Europe (NA-ME-E) node of the SDS-WAS program. BSC-
DREAM8b (Pérez et al., 2006a, b; Basart et al., 2012a) is a
regional model designed to simulate and predict the atmo-
spheric cycle of mineral dust aerosol. The BSC-DREAM8b
model is embedded into the Eta/NCEP atmospheric model
and solves the mass balance equation for dust, taking into
account the different processes of the dust cycle (i.e., dust
emission, transport and deposition). The initial version of the
DREAM model (Nickovic et al., 2001) included the follow-
ing features: (1) a dust uplifting scheme according to Shao et
al. (1993), with addition of a viscous sublayer approach be-
tween the surface and the lowest model layer (Janjic, 1994);
(2) a simple wet-scavenging (Nickovic et al., 2001) and dry-
deposition (Giorgi, 1986) scheme; (3) horizontal and verti-
cal advection, turbulent and lateral diffusion (Janjic, 1994);
and (4) soil wetness effects on dust production (Fecan et al.,
1999). The BSC-DREAM8b model (Pérez et al., 2006a, b)
includes an updated dust production scheme based on the
arid and semiarid categories of the 1km USGS land use
data set and source size distribution derived from D’Almeida
(1987), and in order to better couple the dust transport over
long distances, a more detailed size bin distribution is used,
including eight size bins within 0.1–10 µm radius range ac-
cording to Tegen and Lacis (1996) as well as dust-radiative
feedbacks.
The BSC-DREAM8b model has been evaluated for longer
periods over northern Africa and Europe (e.g., Jiménez-
Guerrero et al., 2008; Basart et al., 2012a, b; Pay et al., 2010,
2012) and against experimental campaigns in source regions
during the SAMUM-1 (Haustein et al., 2009) and the Bodélé
Dust Experiments (BoDEx; Todd et al., 2008). Furthermore,
daily evaluation of BSC-DREAM8b with near-real-time ob-
servations is conducted at BSC-CNS. Currently, the daily op-
erational model evaluation includes satellites (MODIS and
MSG) and AERONET sun photometers. Some comparisons
between lidar and forecast models proﬁles were performed in
termsofaerosolverticaldistributionforspeciﬁcSaharandust
events in the Mediterranean Basin (e.g., Balis et al., 2004;
Pérez et al., 2006a, b; Amiridis et al., 2009; Papanastasiou et
al., 2010; Mona et al., 2012b; Gobbi et al., 2013).
Modeled aerosol optical depth (AOD) and dust extinction
coefﬁcient are related to column mass loading and mass con-
centration, respectively, by
τ(λ) =
8 X
k=1
τk(λ) =
8 X
k=1
3
4ρkrk
MkQext(λ)k,
α(λ) =
8 X
k=1
αk(λ) =
8 X
k=1
3
4ρkrk
CkQext(λ)k,
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where for each size bin, k, τk(λ) is the AOD; αk(λ) is the
extinction coefﬁcient; ρk is the particle mass density; rk is
the effective radius; Mk is the column mass loading; Ck is
the concentration; and Qext(λ)k is the extinction efﬁciency
factor, which was calculated using Mie scattering theory.
For each size bin k and wavelength λ, the extinction efﬁ-
ciency was calculated with a Mie algorithm based on the
work of Mishchenko et al. (2002). Complex refractive in-
dices are taken from the Global Aerosol Data Set (GADS)
(Koepke et al., 1997). Each particle is assumed to be non-
hygroscopic, homogeneous (chemical composition of min-
eral dust is not included) and spherical. This means that dust
is considered externally mixed, non-hygroscopic and inert,
and no exchange between bins is taken account.
The present analysis includes a dust simulation of BSC-
DREAM8b for the period from 1 January 2000 to 31 De-
cember 2012 with hourly output. The initial state of dust
concentration in the model was deﬁned by the 24h forecast
from the previous-day model run. The NCEP Final Analyses
(at 1◦ ×1◦ horizontal resolution) at 00:00UTC were used as
initial conditions and boundary conditions at intervals of 6h.
The model conﬁguration used for the present study includes
24 Eta vertical layers extending up to approximately 15km
in the vertical. The resolution is set to 1/3◦ in the horizontal.
The domain of simulation covers northern Africa, the Mid-
dleEastandEurope.Itisworthmentioningthatre-suspended
wind-blown dust and the considered desert dust sources are
limited to northern Africa and the Middle East (<35◦ N) in
the BSC-DREAM8b model.
3 Methodology
The 310 Saharan dust cases observed over Potenza are com-
pared with the BSC-DREAM8b extinction vertical proﬁles
(at 550nm) through a quantitative methodology described in
the following.
PEARL and BSC-DREAM8b proﬁles have different spa-
tial and temporal resolutions. All these differences are ap-
propriately considered in our comparison. For the horizontal
resolution, PEARL data can be considered as punctual obser-
vations, while BSC-DREAM8b reports proﬁles on a uniform
spatial grid (at horizontal resolution of 1/3◦ ×1/3◦). BSC-
DREAM8b proﬁles are averaged over points at a distance
less than 15–30km by the PEARL lidar.
For the vertical resolution, BSC-DREAM8b provides pro-
ﬁles at ﬁxed altitude ranges above sea level, with resolution
varying from 314m (around 1.5km altitude) up to 1461m
(around 15km altitude). The PEARL lidar proﬁles instead
have a typical effective vertical resolution of 60m for the
aerosol backscatter coefﬁcient and range between 60 and
240m for the aerosol extinction coefﬁcient. The high ver-
tical resolution of lidar makes the lidar techniques indeed the
most powerful tool for investigating the vertical structure and
composition of the atmosphere. In order to evaluate BSC-
DREAM8b’s capability to reproduce dust vertical layering
and dust optical properties, the original vertical resolution of
lidar proﬁles is degraded to the resolution of the modeled
proﬁles.
Each lidar proﬁle is then compared to the closest BSC-
DREAM8b proﬁle in time. Considering that the wind speed
in the free troposphere is typically between 5 and 20ms−1
over Potenza (according to ECMWF data), this means that
wewouldexpectamaximumshiftintimeofabout1.5h.This
temporal interval is comparable with the temporal resolution
of both BSC-DREAM8b (1h) and lidar (0.5–2.5h) proﬁles
used in the present analysis. However, BSC-DREAM8b pro-
vides instantaneous proﬁles every hour whereas measured
lidar proﬁles are obtained by merging signals over a 0.5–
2.5h temporal window depending on the aerosol load (longer
intervals are needed for improving the signal-to-noise ra-
tio in cases of tenuous aerosol layers). In addition, BSC-
DREAM8b and lidar proﬁles are not simultaneous. Taking
into account these aspects/limitations (different resolutions
and no exact collocation), all comparisons have been per-
formed for each lidar proﬁle also against the average of the
BSC-DREAM8b hourly proﬁles in ±3h around the central
lidar time.
In order to evaluate BSC-DREAM8b’s performance over
the central Mediterranean, aerosol layers of a different origin
measured in Potenza were removed.
Besides desert dust, different aerosol types could coexist
in the atmospheric column either at altitude ranges different
from dust or mixed with dust particles. The back-trajectory
analysis described in Sect. 2 is essential for identifying these
kinds of cases. During the period under investigation, we
found about 10 dust cases with the presence of long-range-
transported aerosol different from desert particles at sepa-
rate altitude ranges. These are cases of air masses coming
from North America during forest ﬁres and volcanic plume
transported from the Nabro volcano, Eritrea (Sawamura et
al., 2012). Cirrus clouds can be frequently observed concur-
rently to desert dust but at higher altitudes. After these layers
are identiﬁed in the lidar optical proﬁle, the base and top of
the dust layer are forced for each of the 10 cases to exclude
altituderangeswiththepresenceofotheraerosoltypes.Since
these non-dust layers are located in lidar signals, in the next
step these altitude ranges are removed manually from both
the lidar and model proﬁles. The same procedure is followed
for cases in which cirrus clouds are detected in lidar obser-
vations.
Additionally, the comparison is carried out only in the
free-troposphere region, i.e., above the PBL as determined
by lidar observations (Matthias et al., 2004). This choice is
related to the fact that the BSC-DREAM8b model calculates
only the dust component of the aerosol content and does not
provide any information about local and/or different aerosol
sources (see Sect. 2.2). Therefore all results reported in the
following are related to altitude above the PBL as identi-
ﬁed in each single lidar proﬁle. The base of the dust layer
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is forced to be (for model forecasting also) above the PBL,
as determined by lidar measurements. Moreover, cases with
mixing of dust with other aerosol types in the free tropo-
sphere, such as volcanic particles collected for the Eyjafjal-
lajökull eruption in 2010 (see Mona et al., 2012b), are not
considered in the present analysis.
An algorithm is implemented for the quantitative identi-
ﬁcation of layers above the PBL. The main concept is that
layer features can be identiﬁed through the gradient in the
particle backscatter proﬁle as reported in Mona et al. (2006,
2012b). According to this work, the ﬁrst maximum above the
PBL of the ﬁrst derivative of the aerosol proﬁle is identiﬁed
as the base of the aerosol layer. We found that the application
of this method to the lidar proﬁles, degraded to the BSC-
DREAM8b vertical resolution, typically leads to an overes-
timation of the layer base with respect to the full-resolution
lidar proﬁles, and in some cases to the incapability to de-
ﬁne a layer base. To overcome these problems, the ﬁrst point
of positive gradient in the aerosol proﬁle is used to locate the
layer base as it indicates that the aerosol content increases af-
ter the natural decrease with the altitude toward the PBL top.
On the other hand, the top of the desert dust layer from
lidar proﬁles is identiﬁed as the ﬁrst altitude point above the
layer base where aerosol backscatter is lower than a ﬁxed
threshold and its derivative is zero. Within the dust layer it
is assumed that the backscatter value is higher than the cli-
matological mean evaluated in the 6.5–8.5km altitude range,
which is typically not affected by signiﬁcant particle trans-
port (Mona et al., 2006). The layer base and top calculation
is performed for each set of lidar simultaneous proﬁles (for
example, a complete data set of three backscatter and two
extinction proﬁles measured at the different wavelengths) on
the backscatter proﬁle at the longest available wavelength in
order to take advantage of the higher sensitivity to aerosol
structures at longer wavelengths. If backscatter proﬁles are
not available for a simultaneous lidar data set, layer base and
top are retrieved from the extinction proﬁles at the longest
available wavelength. Furthermore, an internal check is per-
formed with the other wavelengths in order to ensure the ac-
curacy of the layer retrieval.
The determination of base/top from BSC-DREAM8b pro-
ﬁles is done considering that the model provides informa-
tion only for the desert dust particles: nonzero values in the
proﬁles correspond to dust particles. A minimum extinction
value (10−4 Mm−1) is considered to be a value for the layer
identiﬁcation, taking into account the model uncertainty for
low aerosol load. The BSC-DREAM8b dust layer base is cal-
culated as the ﬁrst point above the PBL (as estimated from
lidar data) where the proﬁle or its derivative increases, i.e.,
situations corresponding to an identiﬁable increase of optical
properties out of the PBL with respect to the typical decrease
in the aerosol optical properties with altitude.
Once layer base and top are estimated for both lidar and
model proﬁles, we estimate the center of mass of the dust
layer as the mean altitude of the identiﬁed layer weighted
Figure 1. Distribution of the dust layer base (a), top (b) and center
of mass (c) as measured by the PEARL lidar and modeled by BSC-
DREAM8b.
by the altitude-dependent aerosol optical properties (Mona
et al., 2006). Assuming the microphysical properties to be
homogeneous within the aerosol layer, this quantity indicates
the altitude where the most relevant part of the aerosol load
is located.
Base, top and center of mass are independently determined
for lidar and model proﬁles case by case. Geometrical fea-
tures of dust layers as obtained by measurements and the
model are compared and discussed in Sect. 4. The linear cor-
relation between lidar and BSC-DREAM8b proﬁles within
the base/top altitude range is calculated as an additional mea-
sure of the model’s capability to reproduce the aerosol pro-
ﬁle in terms of its shape. Finally, the base/top identiﬁcation
method reported above allows for quantitative evaluation of
model performances in terms of aerosol extinction forecast.
4 Results
4.1 Layering
The methodology reported in the previous section is applied
to the database of 310 dust cases observed over Potenza in
the 2000–2012 period. The main results for dust layer geo-
metrical properties are summarized in Fig. 1 and Table 1.
The dust layer base as estimated from BSC-DREAM8b
proﬁles is in good agreement with lidar observations: the
difference between these two independently estimated val-
ues is on average −0.2±0.5km, with absolute differences
below 0.2km (0.4km) for 63% (84%) of the cases, lower
than the model resolution at these altitudes. There are, how-
ever, a few cases (26 out of 309) for which the base esti-
mated from modeled proﬁles is at least 1km lower than the
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corresponding lidar-measured value. This is related to the
difﬁcult discrimination of the local PBL and lofted dust when
an intrusion into the PBL also occurred.
Figure 1a reports the distribution of the BSC-DREAM8b
and lidar layer base values. The mean BSC-DREAM8b esti-
mation for the dust layer base is 2.3±0.6km and is in agree-
ment within the errors with a lidar-measured mean value of
2.5±0.7km. The standard deviations also agree within the
errors. This is a further conﬁrmation that the model accounts
for a variability in the dust layer base which is in agreement
with the observations. The high linear correlation coefﬁcient
(0.96) between the distributions reported in Fig. 1a is a quan-
titative measure of the agreement between observations and
the model in terms of layer base. However, larger discrepan-
cies are observed for the dust layer top. The model overesti-
mates the measured top by 2.5km on average. The distribu-
tions reported in Fig. 1b show that BSC-DREAM8b reports
many cases with layer top up to 15km, while lidar measure-
ments observed dust above 10km in only a few cases. This
produces a difference of 2km in the mean value and an over-
estimation of its variability of more than 1km for the model
(see Table 1). The observed difference in layer top reveals
that dust particles are often present in the model at very high
altitudes, while they are not observed in the lidar proﬁles.
The lidar layer top identiﬁcation is limited by the signal-to-
noise ratio, and therefore lidar observations may underesti-
mate the dust layer top in some cases. However, the model
clearly tends to accumulate dust concentrations in the upper
levels (dust concentrations observed in altitudes >10km are
around 1µgm−3), indicating some limitations of the model.
In addition to the vertical diffusion (Hong et al., 1996), the
tropopause, the boundary for the vertical extension of Sa-
haran dust, is not well reproduced by the model. In gen-
eral, the numerical models (regional and global) have lim-
itations in reproducing the thermal inversion corresponding
to the tropopause (Janjic, 1994). Furthermore, once desert
dust achieves these upper levels, the only mechanism to re-
move dust particles is sedimentation. Consequently, dust has
a long residence time associated with it because the removal
processes (i.e., wet and dry deposition) are less effective and
as a consequence the residence time of dust is longer (more
than one week).
The comparison is signiﬁcantly improved limiting the
range of interest below 10km (reported in Table 1 in bold
face): mean and standard deviation values are in agreement
within the model resolution, and the correlation coefﬁcient
between the two distributions increased from 0.80 to 0.93.
An interesting quantity for investigating aerosol layers is
the layer center of mass (CoM hereinafter). The dynamical
behavior (in time and altitude) of the whole layer can be de-
scribed by the CoM evolution in the absence of wind shear
and under the assumption of homogeneity of aerosol micro-
physical properties within the layer. This would mean, for
instance, that the origin of the dust particles and the trav-
eled path could be investigated by back-trajectory analysis
Figure 2. Distribution of the difference of the dust layer
CoM as measured by PEARL and evaluated from the
BSC-DREAM8b proﬁles.
of air masses arriving at the CoM altitude in the observa-
tional point. The altitude range around the CoM is typically
the region of the layer where most of the aerosol particles
are located. This altitude is more representative of the whole
aerosol layer than the altitude corresponding to the optical
propertypeakvalue,becausethislattercouldalsocorrespond
to an isolated extreme point (Pappalardo et al., 2014). The
CoM as obtained from PEARL and BSC-DREAM8b pro-
ﬁles (see Fig. 2) ranges between 1.5 and 9.5kma.s.l., with
mean value around 3.5km and a variability (estimated as
the standard deviation) of about 1km. The BSC-DREAM8b
model on average reproduces the behavior of the identiﬁed
dust layers’ CoM well as resulting from the high correla-
tion (0.98) between the two distributions (see Table 1 and
Fig. 1c). We also found very good performance of the model
for the estimation of this quantity for each single case. Fig-
ure 2 reports the distribution of the difference between the
CoM as measured by PEARL and that modeled by BSC-
DREAM8b. In total, 95% of the values have a difference
of between −2 and 2km. The model overestimates the CoM
by more than 2km for seven cases, and the BSC-DREAM8b
CoM is more than 2km lower than lidar measured value
in only two cases. In particular, a difference of −5km oc-
curred for the 21 August 2000 case: the layer base was
around 3.9km for both systems whereas the top reached val-
ues of up to 10 and 15km for lidar and the model, respec-
tively. Moreover the BSC-DREAM8b forecast a layer ex-
tending from the base around 3.9km, with extinction signif-
icantly decreased at about 7km and a further enhancement
of it above 9km with a peak at about 13km. Correspond-
ing PEARL data yielded no aerosol presence over 10km.
Although these cases are sporadic (5%), a mean difference
of −0.3±1.0km is found, comparable to the model vertical
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Figure 3. Linear correlation coefﬁcient between PEARL and BSC-
DREAM8b extinction proﬁles in the identiﬁed dust layer as a func-
tion of the model aerosol optical depth (AOD) at 550nm.
resolution in 1–2km altitude range. The differences for the
CoM are distributed according to a Gaussian curve (correla-
tion coefﬁcient of 0.986) centered at −0.17±0.02km with a
standard deviation of 0.6±0.02km.
The linear correlation coefﬁcient, rprof, between measure-
ment and modeled proﬁles is used as an additional index of
BSC-DREAM8b’s capability to reproduce the shape of mea-
sured dust proﬁles. rprof (Fig. 3) is evaluated for the mod-
eled extinction versus the corresponding backscatter proﬁle
at 532nm, as it is the most abundant lidar product available
during the 2000–2012 period. The correlation is calculated
within the portion of proﬁle identiﬁed as desert dust layer
from the lidar data. We found that the two proﬁles are cor-
related within a signiﬁcance of 5% in about 60% of the
cases (rprof > 0.65). Uncorrelated proﬁles are mainly related
to cases of low aerosol load (see Fig. 3). Of all cases with
rprof lower than 0.6, 70% correspond to an AOD lower than
0.1 (BSC-DREAM8b estimated). A few outliers (3) are vis-
ible in Fig. 3 with AOD in the range of 0.4–0.8 and which
exhibit negative correlation coefﬁcients. From lidar measure-
ments and data analysis, we found that these three cases cor-
respond to highly variable situations, cloud formation at top
of the dust layer, and a very sharp non-collocated decrease in
both proﬁles, respectively.
The results reported above are obtained considering the
BSC-DREAM8b proﬁle closest in time to the lidar obser-
vation time. However the same analysis (not shown for
brevity)hasbeencarriedoutconsideringtheaverageofBSC-
DREAM8b proﬁles over 6h around the lidar proﬁle’s central
time. Results for 6h proﬁles are almost equal to those ob-
tained for the modeled proﬁles closest in time in terms of
mean,standarddeviation,correlationvaluesanddistributions
for all the considered geometrical properties (layer base, top
and center of mass) and for the linear correlation between the
lidar and modeled proﬁles.
4.2 Optical properties
Aerosol extinction coefﬁcient proﬁles at 532nm measured
by the PEARL lidar are available for 58 cases. The PEARL
extinction values at 532nm are directly compared with the
BSC-DREAM8b extinction at 550nm because of the wave-
length proximity and the low spectral extinction dependence
for desert dust as observed at this site (Boselli et al., 2012).
Different altitude ranges show marked differences in terms
of model–observations agreement (Fig. 4). The model repro-
duces the observations distribution at 1–3km altitude fairly
well: a general decrease with the extinction value is found for
the values’ occurrence but the correlation coefﬁcient is only
0.81. Only a few values (15) higher than 5Mm−1 are ob-
served in the 5–7km range; this distribution is in fair agree-
ment with that observed (correlation coefﬁcient of 0.94 in the
wholerangebutonly0.6above5Mm−1).Thecorrelationco-
efﬁcientbetweenthetwodistributionsforthe3–5kmaltitude
range reported in Fig. 4b is 0.98. Moreover, the slope and in-
tercept are consistent within the errors for this altitude range
only, with 1 and 0, respectively. This furthermore demon-
strates the capability of the model to reconstruct the dust lay-
ers well close to the CoM altitude and in the middle tropo-
sphere. This capability is related not only to the dust vertical
layering (previous section) but also to the assumptions con-
sidered for the extinction calculations (see Sect. 2.2).
The mean extinction proﬁles and its standard deviation
(i.e., its variability in the atmosphere) for the considered
cases are reported in Fig. 5. The mean aerosol extinction pro-
ﬁles are calculated for lidar and the model as the average of
these cases only within the dust layer. Aerosol extinction val-
ues are comparable as an absolute number and, in agreement
with results reported in Sect. 3.1, the shape of the proﬁles
is similar above 3km altitude. It is worth noting that there
is a larger bias between the model and lidar in summer in
comparison with spring below 4km altitude. This could be
partly associated with differences in the dust particle sources
that affect Potenza throughout the year. Furthermore, during
summer, when photochemical reactions are enhanced, higher
extinction values observed at low levels could be associated
with aged dust particles and the potential presence of other
aerosols (such as ﬁres particles).
Figure 6 shows the comparison in terms of aerosol ex-
tinction proﬁles for desert dust AOD classes. The difference
between measured and modeled extinction values is typi-
cally higher below 3km. The correlation between the two
proﬁles increases with AOD, even though the mean differ-
ence increases correspondingly. This indicates that the model
simulates the proﬁle shape better for intense dust outbreaks
(i.e., larger aerosol loads). These cases also correspond to
larger discrepancies in terms of extinction values. Again
this could be related to enhanced mixing and modiﬁcation
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Figure 4. Distributions of aerosol extinction values reported at
532nm inside dust layers by PEARL measurements and BSC-
DREAM8b model. The distributions correspond to three different
height classes: 1–3kma.s.l. (bottom panel), 3–5km (middle panel)
and 5–7kma.s.l. (top panel).
Figure 5. Mean aerosol extinction proﬁles (a) and related standard
deviation proﬁles (b) calculated for lidar and the model within the
identiﬁeddustlayer.Meanaerosolextinctionproﬁlesforspring((c),
29 proﬁles) and summer ((d), 21 proﬁles) cases are reported at the
bottom.
processes during the warm seasons, when the highest dust
AOD values are observed. However, modiﬁcation processes
are not integrated into the model. Moreover, Saharan dust
particles are often mixed with other types of particles (e.g.,
urban pollution, marine aerosols) particularly for lower alti-
tudes. A study devoted to aerosol typing performed over Eu-
rope within the framework of EARLINET (Wandinger et al.,
2011) reported that“pure” dust was observed in only 12% of
the dust cases.
Below 3km, where relative differences are the highest, the
measured lidar ratio (S) has, on average, values higher than
at upper levels and is also more variable, indicating a mixture
of dust with other particles and/or modiﬁcation processes
affecting dust optical properties (e.g., ageing). Sources of
the observed differences can be investigated in more detail
through intensive properties such as lidar ratio at 532nm and
the Ångström exponent, δ, at 532/355nm. Figure 7 shows S
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Figure 6. Mean aerosol extinction proﬁles separated into AOD
classes. The number of measurements (N), the linear correlation
coefﬁcient among measured and modeled proﬁles (r) and the mean
relative difference (d) are reported.
as a function of δ. Relative differences in the extinction val-
ues are reported in the S −δ plane according to a color code.
Values are highly scattered and variable in the 20–90sr and
−0.7–2 range for S and δ, respectively. Lower lidar ratio val-
ues are typically observed for larger δ, indicating that smaller
dust particles are less absorbing than larger dust particles.
The mixing relevance in the model–observations compar-
ison is more evident when considering the relative differ-
ence classes in Fig. 7. Two classes are almost completely
separated in this space. The lowest relative difference class
(below 17%) is conﬁned to δ values lower than 0.32 (third
quartile), while highest observed differences are mainly re-
lated to δ values higher than 0.39 (ﬁrst quartile). Differences
in the middle range correspond instead to the whole S −δ
range, as demonstrated by the ﬁrst to third quartile values in
Fig. 7. This means that the lowest model–observation differ-
ences correspond to an S of and δ of 60±13sr and 0.1±0.6,
respectively. These are in agreement with values observed
and modeled for pure desert dust (e.g., Ansmann et al., 2003;
Papayannis et al., 2008). However, the highest differences
(higher than 85%) are related to larger δ values (0.5±0.6),
denoting smaller particles. These larger values are in agree-
ment with analogous values observed in southern European
stations (Mona et al., 2006; Balis et al., 2004). In synthe-
sis, the level of agreement decreases with increase in mix-
ing/modiﬁcation processes.
5 Summary and conclusions
The database of dust optical properties proﬁles collected at
Potenza (in southern Italy) beginning in 2000 by a multi-
Figure 7. Lidar ratio values measured at 532nm inside the
dust layer reported as a function of the Ångström exponent at
532/355nm. Data are reported following a color code based on rel-
ative model–observation difference in aerosol extinction values.
wavelength Raman lidar has been used to evaluate the capa-
bility of BSC-DREAM8b to reproduce dust proﬁles in terms
of dust layer geometrical and optical properties. This is, to
the best of our knowledge, the ﬁrst systematic and quantita-
tive evaluation of modeled dust proﬁles through Raman lidar
measurements.
A suitable methodology for taking into account different
resolutions (in horizontal, vertical and temporal domains)
and external aerosol mixing has been implemented. The
comparison approach has been developed paying particular
attention to its potential further application to other sites (in
particular EARLINET stations) and models.
In general, the BSC-DREAM8b model reconstructs the
observed proﬁles well, even if with some exceptions. The
dust layer base is found to be around 2.5kma.s.l. and is
in agreement with observations: note that we limited our
comparison to altitudes above the local PBL, biasing the
result to some extent. An observed tendency of the BSC-
DREAM8b model to overestimate the dust layer top, with
values reaching 15km in 32% of the cases, is related to a
too long aerosol lifetime in the upper levels of the model re-
sulting from overestimations of the troposphere–stratosphere
exchange. Furthermore, the dust layer top is a parameter that
is not suitable for use if this approach is applied to other sta-
tions/networks because the sensitivity of lidar is a charac-
teristic of each instrument, and therefore the comparison in
terms of the layer top cannot be carried out at network level.
We found that the dust layer CoM is likely the most suit-
able geometrical parameter for evaluating the capability of
the dust model to reproduce the dust vertical layering. The
BSC-DREAM8b model CoM is consistent with a high conﬁ-
dence level (correlation coefﬁcient of 0.986) with respect to
lidarmeasurements.Inparticular,thecase-by-casedifference
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is on average 0.3±1.0km. The shape of the lidar proﬁle is
also reproduced well by BSC-DREAM8b (within 5% signif-
icance) for 60% of the cases. In 70% of the cases, uncorre-
lated proﬁles are related to an AOD lower than 0.1.
The extinction coefﬁcient as modeled by BSC-DREAM8b
underestimates measured values in particular at altitudes
lower than 3km, likely because the model does not con-
sider aerosol internal mixing and modiﬁcation processes.
Differences at the low-altitude range are higher during
summer/spring and for higher AOD. However, model–
observation difference in aerosol extinction is higher for
smaller particles. Differences below 17% are typically ob-
served for S −δ couples around pure dust values, while dis-
agreement increases with the mixing of dust particles with
smaller particles.
The study reported in this paper can be considered as a pi-
lot case in which we developed a speciﬁc methodology for
application to the whole EARLINET network and to other
models in the framework of the northern Africa–Middle
East–Europe (NA-ME-E) regional center of the World Mete-
orological Organization’s Sand and Dust Storm Warning As-
sessment and Advisory System Programme (http://sds-was.
aemet.es/). Of particular value for enlarging the evaluation
to all EARLINET stations is the infrastructural improve-
ment planned within ACTRIS (Aerosols, Clouds, and Trace
gases Research InfraStructure Network) for the provision of
aerosol layering as a further standard EARLINET product.
For the improvement of the extinction coefﬁcient, it
would be important to have information about microphysical
aerosol properties. In this sense, novel inversion codes able
to provide proﬁles of microphysical properties by, for exam-
ple, collocated lidar and sun photometers could provide the
missing information for appropriate parameterization (Wag-
ner et al., 2013). Moreover, concentration-to-extinction con-
version factor dependence on intensive properties like lidar
ratio and depolarization ratio could be investigated through
speciﬁc measurement campaigns, such as the ACTRIS sum-
mer 2012–2013 campaigns, with intensive measurements
performed at EARLINET and ACTRIS in situ sites in con-
junction with the EMEP and Charmex campaigns.
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